Introduction
The discovery of superconductivity in cuprates 1 has aroused extended interest in this fascinating phenomenon in other transition metal oxides, especially in neighboring nickelates. Nickelates have the potential to exhibit physics similar to high−T C cuprates [2] [3] [4] because the electronic configuration of constituent Ni + (3d 9 ) which is similar to Cu 2+ in the high−T C cuprates. Since these compounds appear to have electrons rather than holes as charge carriers, there has been considerable interest in the electronic properties of these materials. Furthermore, theoretical studies 2 suggest that only nickelates with Ni + (3d 9 , S = 1 2 ) can form an antiferromagnetic (AFM) insulator which can be doped with Ni 2+ holes similar to hole doped superconducting cuprates.
The nickelate La 4 Ni 3 O 8 was discovered in the late 90's which contains Ni ions in a square−planar coordination, has become a focus of interest. It is a member of the so-called T type Ln n+1
Ni n O 2n+2 (Ln = La, Nd; n = 2, 3, and ∞) homologous series which can be prepared by low temperature reduction of the Ruddlesden−Popper (RP) Ln n+1 Ni n O 3n+1 . 5 La−Ni−O system was initially investigated by Bednorz and Müller for the possibility of superconductivity with Ni in 2+ and 3+ oxidation states. 6 Their discovery stimulated the research interest to look for superconductivity in other transition metal oxides with low dimensional crystal structures like cuprates, which are favorable for superconductivity. Nickel in 1+ state in square planar coordination can be very similar to the high T C cuprates, but Ni with 1+ oxidation state was difficult to stabilize at that time. Anisimov et al. 2 predicted theoretically that nickelates having the mixed valence of Ni + /Ni 2+ have electronic configuration similar to the hole doped superconducting cuprates Cu 2+ /Cu 3+ which shows high temperature superconductivity.
At low temperatures La−Ni−O system undergoes metal−to−insulator transition 7 as a function of its thickness. This happens due to electron correlation, band effect and also by spin, orbital and charge ordering. [8] [9] [10] Pardo et al. 11 anticipated that the pressure induced metal to insulator transition takes place at zero temperature and high−spin state to low−spin state transition at 105 K. Also La 4 Ni 3 O 8 can either be in ferromagnetic−metallic low spin (LS) phase or an antiferromagnetic−insulating high spin (HS) phase. Dimensionality induced insulator to metal transition was reported by Liu et al. 8 in La n+1 Ni n O 2n+2 system as its dimensionality changes with variation with n (n = 2, 3 and ∞). The magnetic properties of this material series are determined by the spin states of Ni + and Ni 2+ . Correspondingly, Poltavets et al. 12 and N ApRoberts-Warrenet al. 13 shown from nuclear magnetic resonance (NMR) measurements that La 4 Ni 3 O 8 undergoes an AFM transition at T N =105 K. Pardo et al. 11, 14 and Liu et al. 15 also reported that La 4 Ni 3 O 8 is AFM with C−AFM ordering in the ground state, which is a molecular correlated insulator. Moreover, they have reported that the insulating state is originating from strong interlayer coupling and electronic correlation effects.
Using the muffin−tin orbital (MTO) based linear MTO (LMTO) and N th −order MTO (NMTO) 16, 17 methods, Sarkar et al. 18 showed that La 4 Ni 3 O 8 in the A−AFM and FM ordering possess Ni in low−spin state, and correlated metallic ground state, which is against the experimental observations. 12 Recently, the electrical resistivity of La 4 Ni 3 O 8 has been measured under pressure and a suppression of the high−spin state was observed. 19 Nevertheless, neither metallic state nor superconductivity has been seen under pressure (∼ 50 GPa) and this may be due to the displacement of the oxygen atoms at high pressures. Among various scarcely metallic 3d electron systems, hole−doped nickel oxides with K 2 NiF 4 type structure, e.g., (La, Sr) 2 NiO 4 , are found to prompt metallic conductivity, yet more gradually than in the cuprates. 20 Essentially more Sr substitution is important to prompt metallic−type conductivities i.e. the La 2−x Sr x NiO 4 system shows low temperature conductivity for x close to 1. Doping at A site by a suitable ion is one of the tools which could induce tremendous variation in the electrical and magnetic behavior of these RP phases. The insulating La 2 CuO 4 transforms to superconducting 21 state when it is doped with holes i.e. some of the lanthanum atoms are replaced by bivalent alkaline earth ion or basic monovalent cation with suitable ionic size. Enthalpy of formation of La 2−x A x CuO 4 (A = Ba, Sr, Ca and Pb) indicates that more basic A−site cations tend to energetically balance out higher oxidation states of B−site cations, which is responsible for the change in electrical properties in the parent material. 22 To observe the change in properties as a function of doping at A−site, La 2−x Sr x NiO 4 is another interesting system to study. This material behaves like an AF−insulator for x=0. For the higher Sr substitution range i.e. 0.5 ≤ x ≤ 0.9, La 2−x Sr x NiO 4 behaves like a non−metal and shows the electrical conduction with variable ranges of hopping mechanism at low temperature and exponentially activated conduction at comparatively higher temperatures. The metallic conductivity sets in for concentration of x between 1.0 and 1.3. Resistivity data in the temperature range up to 25 K follows T 1/2 dependence for the x value beyond 1.3, where strong electron−electron interactions occur in the presence of disorder in a diffusive metallic phase. 23 Orthorhombic Nd 2 NiO 4±δ undergoes a phase transition to pseudo−tetragonal symmetry upon substitution with Sr 2+ at Nd site. 24 The increased magnetic moment in the Nd 2−x Sr x NiO 4 system with increase in x is attributed to the frustration of AF pairing that originates from the mixed valence of Ni 2+ /Ni 3+ , while it showed a metal−semiconductor transition which is related to the onset of a charge density wave characteristic of half−filled conduction bands. 25 Kharton, et al. 26 Their studies showed that the electrical conductivity for these compositions increased with the substitution of iron, but the electrical conductivity slightly decreased with copper substitution. La 2−x A x NiO 4 (A = Ca, Sr and Ba) system has been investigated by Tang, et al. 27 and they have reported that the solubility limit was 0 ≤ x ≤ 0.6 for Ca, 0 ≤ x ≤ 1.5 for Sr and 0 ≤ x ≤ 1.1 for Ba. They have also found that both La 2−x Ca x NiO 4 and La 2−x Ba x NiO 4 compositions exhib-ited semiconducting behavior for all values of x. Moreover the La 2−x Sr x NiO 4 compositions for x <0.6 were reported to be semiconductor from room temperature up to 527 • C. On the other hand, the compositions with x >0.6 showed a transition temperature from semiconductor−to−metal, in which the transition temperature decreased as x increased. For x >1.3, there is no such transition was identified from room temperature up to 527 • C. For n = 2 RP, the substitution of lanthanum by calcium on La 3−x Ca x Ni 2 O 7−δ was reported by Nedilko, et al.. 28 
Structural aspects
La 4 Ni 3 O 8 crystallizes in a body centered tetragonal structure 5 with space group I4/mmm (#139).
As appeared in Fig 1, this 
Computational details
The calculations presented in this paper were performed using the standard full potential linearized augmented plane wave method implemented in the WIEN2k 32,33 code based on density functional theory. 34 The room temperature powder neutron diffraction lattice parameters and the atomic positions were taken from Ref. 3 For all calculations, the muffin−tin radii (R mt ) were chosen as 2.32, 2.35, 1.97 and 1.75 a.u. for Sr, La, Ni and O, respectively. The cut−off parameter R mt K max was set to 7.0. To ensure the convergence for the Brillouin zone integration, 1000 k−points were used over the irreducible wedge of the first Brillouin zone (IBZ). Self−consistency was accomplished by demanding the convergence of the total energy to be smaller than 10 −5 Ry/cell. This is comparable to a charge convergence to below 10 −4 electrons/atom. The generalized gradient approximation (GGA) using the parameterized scheme of Perdew et al. 35 was utilized for the exchange−correlation potential. The low dimesional transition metal oxides such as La 4 Ni 3 O 8 will have strong Coulomb correlation effect arising from the transition metal 3d states. In order to properly describe the strong electron correlation associated with Ni 3d states, the GGA+U method was used in the fully localized limit (FLL). 36 Here U e f f = U−J (U and J are on−site Coulomb repulsion and exchange interaction, respectively) was used instead of U. For nickelates, the reasonable range of the U parameter is 4−8 eV. 2, 11, 12, 14 So, the results presented below were calculated with U e f f = 5 eV and 6 eV. To clarify the magnetic ground state, 2 x 2 x 1 supercell calculations were performed for one ferromagnetic (FM, shown in Fig. 2 (ii) The inverse structure of A−AFM, where the interplane coupling is FM and the intraplane coupling is AFM, is known as C−AFM (Fig. 2(c) ). (iii) If both the interplane and intraplane couplings are AFM, the G−AFM 37 structure emerges as shown in Fig. 2 
(d).

Results and discussions
Electronic and magnetic structure of undoped La 4 Ni 3 O 8
The relative total energies of various spin configurations with respect to the ground state configuration are calculated and summarized in Table 2 . Our GGA calculations for all the considered spin configurations show metallic features which is in disagreement with the experimental observation. 12 However, within GGA, the FM and A−AFM states are found to have lower energies than C−AFM state by 35 meV and 41 meV, respectively, as given in Table 2 . The G−AFM state is having very high energy than all the considered magnetic configurations and is about 250 meV Table 1 : The structural parameters for the tetragonal La 4−x Sr x Ni 3 O 8 (x stands for Sr substitution which varies from 0 to 3) are given where a and c represent the lattice parameters of the tetragonal structure (in Å) and V represents the volume of the unit cell (in Å 3 ). Hence, in order to account for the strong correlation effect in La 4 Ni 3 O 8 , we have considered the correlation effect through including a Hubbard U into the Hamiltonian matrix, and optimized the crystal structure for different magnetic structures using U values of 6 eV as well as 7 eV. Within GGA+U, the calculation for G−AFM state does not converge, consistent with observation made by Ting Liu et al. 15 The calculated total energy and magnetic moments are listed in Table 1 except for the unconverged G−AFM state. Within GGA+U (U e f f =5 eV), the C−AFM is the most stable configuration. The energy of C−AFM is about 190 meV and 180 meV lower than the FM and A−AFM states, respectively. Also only the C−AFM configuration shows insulating behavior, which is consistent with the experimental findings. As covalent bonding is present between O 2p
and Ni 3d orbitals, one could expect induced magnetic moment in the oxygen site. Our GGA+U calculation shows that, in the FM configuration for the undoped system, the magnetic moment present in the neighboring oxygen sites are 0.040 µ B , 0.039 µ B and 0.002 µ B respectively, for O1, O2 and O3 atoms. As O1 and O2 are the oxygens present within the square planar layer, they have a strong hybridization with Ni1 and Ni2, respectively. But O3 atom is present in the fluorite-type layer which has no direct interaction with Ni atoms resulting in lower magnetic moment than the other two oxygens. The magnetic moments at the oxygen ions are found to be directed parallel to the minority−spin channel of Ni atoms.
One can usually expect large magnetic moment in the FM configuration, compared to the AFM configuration. In the present system we have found that the magnetic moment in the Ni site for the FM configuration is comparable with that of A−AFM configuration. So the magnetic moment in the Ni site is influenced by the intralayer FM coupling between the Ni atoms. It is expected that, due to the layered structure of this system, the interlayer FM coupling will be weaker and hence it may not influence the ground state magnetic configuration. Our calculation shows that the interlayer FM coupling is very important to understand the stability of this system. In fact, the calculated magnetic moments in the Ni sites are very small in the case of C−AFM if the strong correlation effect is not included into the calculation through the U parameter. However, when we include strong Coulomb correlation into the calculation using GGA+U method, the magnetic moment at the Ni sites increases by several order of magnitudes in the C−AFM case. But the magnetic moment enhancement in the FM and A−AFM configuration is not that large as compared to the enhancement in C−AFM configuration. Most importantly, the experimentally found insulating behavior could be reproduced only when we include the strong correlation effect into the calculation. This clearly indicates that the origin of the insulating behavior in La 4 Ni 3 O 8 is not only due to the FM coupling between the layers but also due to the Coulomb correlation effect present in the system.
In order to understand the role of various magnetic orderings on electrical properties of La 4 Ni 3 O 8 we have analyzed in detail the total and orbital projected density of states (DOS) for this system in Ni2 are surrounded by four oxygen atoms in square-planar co-ordination. In an ideal square-planar crystal field, Ni 3d splits into the highest level x 2 − y 2 , middle levels consist of doubly degenerate z 2 , xy and the lowest levels consist of doubly degenerate yz, xz. 40 But, due to the layered structure of La 4 Ni 3 O 8 , the energy of z 2 orbital is lowered. This is because of the reduced Coulomb repulsion for both Ni1 and Ni2 in the layers. 41 In such a picture, d x 2 −y 2 orbital of the Ni atom will form sigma bond with O-2p orbitals. Due to the absence of apical oxygens d z 2 orbital forms weak pi bond with O-2p orbitals. As the xy, yz and xz orbitals are fully occupied, they hybridize weakly with O-2p orbitals of oxygen atom (Fig.4) . The orbital projected DOS analysis shows that the hybridization between Ni-3d and O-2p orbitals is important to explain the electronic structure of Table 2 it is clear that the C−AFM state is the most stable state within GGA+U. As the Fermi level falls in the gap for both spin channels, the C−AFM configuration ion. This stabilizes the interlayer FM coupling within the trilayer. The band originating from x 2 − y 2 states in the C−AFM configuration is narrower compared to that in the FM configuration. This reduction in band width is due to the weaker intralayer AFM coupling. In C−AFM configuration, the Ni atoms align antiferromagnetically due to linear Ni−O−Ni superexchange interactions. 44 The d x 2 −y 2 orbital of Ni atoms interact through the same oxygen p x /p y orbital causing antiparallel spins on neighboring Ni atoms and this could explain the stabilization of the AFM configuration over the FM configuration. 
Structural changes
No systematic composition dependence of the parameters was observed which can be seen from Table 1 . But the increase in the lattice parameters from x = 1 to x = 3 can be understood as follows.
The ionic radius of Sr 2+ is slightly larger than that of La 3+ . Hence, when La 3+ is replaced by Table 1 ). The observed c/a ratio has a maximum value at x = 2, because holes are first doped into the d x 2 −y 2 orbital for lower concentration and, then, additional holes are doped into the d z 2 orbital for higher concentration of Sr similar to the bilayer system investigated by Gopalkrishnan et al. 45 and Takeda et al.. 46 Moreover, since Sr doping is equivalent to hole doping, the number of electrons contained in VB decreases with increasing Sr concentration. This leads to a systematic shift of E F towards the lower energy region of the DOS. As size of Sr atom is not very different from La (ionic radii of Sr and La are 0.115 and 0.112 a.u. respectively), the hole doping does not modify the structure of the parent material significantly which can be seen from the optimized structural parameters given in Table 1 . Because of the smaller electronegativity difference between Sr and La, the substitution of La with Sr will not have noticeable changes in the band structure except band filling originating from the hole-doping effect.
Changes in electronic and magnetic structure by hole-doping Fig 7) . The orbital projected DOS shows that more of the d−dos of the Ni1 site has moved towards the unoccupied site than the that in Ni2 site. This is not surprising, because two Sr atoms are present as neighbors for Ni1 whereas the Ni2 is surrounded by only one Sr ion alone in La 3 SrNi 3 O 8 . In this system, it is natural that Sr substitution adds one hole in the Ni sites resulting calculated by GGA+U method with U e f f = 5 eV in increase of total oxidation states of both Ni ions from 4+ to 5+ state. As the radius of Sr 2+ is (slightly) larger than that of La 3+ , it is suggested that the Sr doping favors the HS state in Nickelates by the introduction of partial oxidation due to covalency effect. 37, 47 As the doped system also possesses average valency (all Ni atoms are having almost equal moments), the partial oxidation state introduced by hole doping increases the average valency from +1. 33 to reduced hybridization and increased band localization. As a result, the bands become narrow, which in turn enhances the spin polarization. Furthermore, the increased exchange splitting of the Ni 3d bands also enhances magnetic moment.
In order to understand the change in the magnetic properties of the Ni ions present in the vicinity of Sr or La atoms, spin polarized Ni 3d DOS for Ni1 and Ni2 atoms closer to Sr and La are presented in Fig. 7 and Fig. 9 6. The hole-doping brings insulator−to−metal transition without changing the C−AFM ordering.
7. No signature of charge ordering is seen after the hole-doping which indicates that the average valency is sustained though the oxidation state for both the Ni atoms increases with the dopant concentration.
8. The magnetic moment gets enhanced in all the Ni sites due to the increase in the oxidation state of the Ni ions for the hole-doping cases.
